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ABSTRACT
AN EXPERIMENTAL INVESTIGATION OF ELECTRICAL DISCHARGE MACHINING
USING A SINGLE-PULSE TECHNIQUE
by
STANLEY A. DORET
Submitted to the Department of Mechanical
Engineering on January 15, 1968 in partial
fulfillment of the requirement for the
degree of Master of Science
The main purpose of this investigation is to perform experiments
that would lead to a better understanding of the mechanism of material
removal in electrical discharge machining [EDM]. Of special interest
are the conditions of reverse polarity [tool positive, workpiece negative]
that lead to the phenomenon commonly called "no-wear" because of the very
low erosion of the tool. Experimental studies of the fundamental proper-
ties of arcs and sparks for both normal and reverse polarity were obtained
in the hope that these results would suggest a practical means for extend-
ing the "no-wear"' phenomenon to higher frequencies V04 hz].
A single-pulse electrical discharge power supply was designed, built,
and tested. This apparatus is capable of producing square-wave pulses
of 50 amperes for times ranging from 13 microseconds to greater than 3
milliseconds. A 1500 volt tickler circuit was added to the main power
supply to study discharges in clean dielectric oil at electrode gap
spacings of up to 0.010 inch.
Various experiments were performed using electrodes of the following
material: H-13 tool and die steel, electrolytic tough pitch copper,
graphite, aluminum, and stainless teel. Three dielectrics were used:
light oil, air, and argon.
The phenomenon of "no-wear" was seen to be closely related to
electrode spacing when a H-13 steel cathode was machined with a copper
anode. A tendency of arcs to cause a transfer of material from cathode
to anode was observed. Actual current densities during the discharge
were found to be much higher than that based on the crater area. The
tendency of arcs to "wander" was discovered and its effects are discussed.
Some data on the difference between the arc and the spark are included.
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CHAPTER 1 - INTRODUCTION
1.1 History
Electrical discharges, like fire, can be both a benefit and a detri-
ment to man depending on how they are used. Electrical arcs in such
components as electrical relays and automobile ignition points, spark
plugs,2 etc., are undesirable and gradually erode the metal surfaces
making them useless after a period of time. However, after some years of
study involving metal erosion by electrical discharges it was found that
under certain conditions different amounts of metal were eroded from the
two electrodes.3 ,4
One of the first applications of the phenomenon of metal removal by
successive discharges of electrical energy was the so called "tap buster."5
A broken-off tap could actually be removed from a hole by eroding it with
an electrode. From this principle developed the idea of "machining" metals
with electrodes of various shapes. This idea was first proposed by B. R.
Lazarenko.6 The process has the advantage in that very hard metals can
be machined by comparatively soft electrodes. 7 ,8 The only stipulation
is thatboth the material to be machined and the electrode be electrically
conductive.
1.2 Terminolog
The electrical discharge machining process has developed its own
terminology and abbreviations which will be delineated below.
Throughout this thesis the abbreviation EDM will be used to represent
electrical discharge machining. The electrode used in the EDM process is
called the tool and the material to be intentionally eroded is called the
workpiece. Standard polarity machining is when the tool is negative with
respect to the workpiece. Reverse polarity, which has recently been seen
-10-
to be best in many instances, is just the opposite. It would be most
desirable to use one tool in a production process to machine a large
number of workpieces just as a drill would be used in a Detroit automotive
plant. Unfortunately, this is not always possible because under some ma-
chining conditions the tool erodes or wears faster than the workpiece.
Hence the term wear ratio, which is defined as the ratio (by volume)
of tool wear to workpiece wear, is very important. In applicatibns of
EDM, it is desirable to keep this wear ratio as low as possible. The
medium in which the discharge occurs is called the dielectric. The
properties of the dielectric will be seen to greatly effect the process.
"No-wear" is found to occur under certain machining conditions with reverse
polarity where very little wear is.obtained on the tool.
1.3 Thumbnail Sketch of Commercial Process
The tool and workpiece are held in a conventional looking machine
tool. The workpiece is almost always clamped to a movable table. The
tool is usually attached to a ram which can be used to feed the tool
into the workpiece while maintaining a gap spacing between the tool and
workpiece which allows the process to proceed at hopefully its best rate.
Both the tool and the workpiece are normally submerged in a bath of kero-
sene - based dielectric oil. Some means of oil flow is usually provided
which flushes eroded metal out of the gap. Fig. 1 is a sketch Showing,
in diagramatic form, the commercial EDM process.
1.4 Objectives of Thesis
The Elox Corporation of Troy, Michigan, a well-known manufacturer
of EDM power supplies and machine tools, gave Professor Robert E. Stickney
of M.I.T. a grant for the purpose of conducting a research project with
two main objectives. First, they were interested in the phenomenon of
-11-
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"no-wear," which is machining with hardly any wear on the tool. Secondly,
they were interested in obtaining "no-wear" at high frequencies (10KHz).
A research group of graduate students was formed to study various aspects
of EDM. This thesis is the third of a series. My specialty will be
studying the aspects of single-pulse EDM, Ron Weetman's field of study
will be the theory of arcs and sparks, while the remaining students will
be using the commercial Elox EDM machine. Single-pulse experiments will
show the exact surface effects caused by a single discharge. These effects
are difficult to study on electrodes which have large numbers of craters
because they overlap. My results will be compared to results obtained
with periodic pulses on the commercial machine. Both aspects, when combined,
round out a good experimental study of EDM.
A few months were spent searching the literature to find articles
dealing with single-pulse experiments using metal electrodes, properties
of arcs in gas and liquid dielectrics, and results of research programs
using commercial machines. As a result of this literature search two
important factors emerged. The complex nature of electrical discharges
was almost overwhelming. To understand the properties of arcs a know-
ledge of heat transfer, plasma physics, 10 electromagnetic field theory,1
12 13
materials, and fluid dynamics is necessary. Secondly, basic.research
in EDM is rather sparce. There have been studies performed by the
Cincinnati Milling Machine Company where a large number of electrode
materials,machines and dielectricswere tested using standard polarity.
On reading this report it was found that not all the conditions of test-
ing were specified. A complete analysis of their results was then im-
possible.
One other interesting aspect of the EDM process is rather amusing.
It seems that EDM offers great advantages over other machining processes.
Many large and small companies have realized this fact and have purchased
EDM machines. These companies usually carry on their own research pro-
grams to learn the full potential of the process. As an end result,
the company which learns the "tricks" of operation can produce products
which other companies cannot. Careful guarding of these "secrets" is
then a necessity for economic growth. Therefore, otherwise useful data
is kept tightly under lock and key as a result of its value to competitors.
The general consensus among our research group was that it would be
beneficial to run our own tests so that all the parameters of the experi-
ments would be known. Throughout this research program our group will
be looking for data to explain the phenomenon of "no-wear" and to in-
crease the efficiency of the process.
1.5 Previous Single-Pulse Experiments
The Russians hAve been active in investigating both continuous and
13
single-pulse EDM. Zolotyk' has taken high speed photographs (up to
500,000 frames/sec.) of discharges in a kerosene dielectric. Electrode
spacings were in the 10-100 micron range. The electrodes consisted of a
-5 -5 -5
1.967 X 10 -- 3.934 X 10 in. thin copper foil, 1.967 X 10 --
3.934 X 10-5 in. diameter copper wire, and steel plates. His results
obtained using a steel cathode, copper anode, and a 2.5 joule pulse are
sketched below (Fig. 2) in composite form which can be called the anatomy
of a discharge.
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The reader will note that Zolotylihas observed material to be removed
from the crater after the discharge current has ceased.
Zingerman15 has reviewed the literature on mechanisms of metal removal
and has classified them into five groups. He experimented with pulses
of equal energy but with different durations. Zingerman found high speed
photography very useful. He observed that the highest velocity of ejected
particles occurs early in the discharge and decreases thereafter. Velocities
begin at 197-263 ft/sec and decrease rapidly.
For steel cathodes and 4000 watt discharges in air, the streams
of metal vapor escape no more than 0.1 milliseconds after the onset of
the discharge. Large particles appear later but no later than 0.5 milli-
seconds. The ejected particles fly with a continuous flux in all directions.
Their number first increase with time and then decrease. The escape of
prticles ceases before the termination of the discharge.
The emergence of particles from a steel anode occurs in the same
manner except that streams are not obsetved even at powers of 7000 watts.
Zingerman presents his theory of multiplicity of traces found on
electrodes due to a single discharge. The multiplicity of traces on the
electrode surface will be seen to be of importance in a later chapter.
-15-
According to Zingerman, the multiplicity of traces may be explained by
ejection vaporization or nonmonotonic distribution of temperature over
the electrode due to the presence of non-uniformities on it. He say
that with carefully cleaned and polished surfaces, the multiplicity of
traces com letely disappears.
It is also well known that carefully degassed metals are subject to
erosion although the mecharsnm of 'boiling-up" of the dissolved gas is
clearly absent.
As a result of his study, Zingerman feels that the relationship
between various -echanisms of metal ejection depends not only on the
power and form of the pulse energy, but also on the character and degree
of nonuniformity of the material and its thermophysical properties.
De Nigrisl6 has also studied the relationship of the thermophysical proper-
ties of electrodes and has reached the same conclusion.
The reader will notice that ZolotyWihas found most of the molten
material to be ejected after termination of the discharge while Zingerman
observed just the opposite. Some of the confusion may be clarified by
the fact that Zingerman used higher discharge currents and longer times
than Zolotykh. This leads one to believe in Zolotyis hydrodynamic
pressure effect which would cause molten metal ejection to occur at
approximately the same instant after the beginning of current flow re-
gradless of the discharge duration.
Mendel'shtam and Raiskii17 note that it is a well-known fact among
numerous investigators of spark discharges that electrode metal vaporizes
in the form of luminescent jets or flares, which are ejected in a normal
direction with respect to the electrodes, and attain velocities of several
thousand meters per second. The trajectory of these flares need not
coincide with that of the discharge channel. N. N. Sobolev18 has
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succeeded in completely separating the arc channel and the flares.
According to his data, the flare temperature reaches 18,0000 F.
Mendel'shtam and Raiskii performed a series of single-pulse and
multipulse experiments intent on finding the nature of electrode erosion
caused by the action of flares. Their results showed that at close elec-
trode spacings 1.576 x 10~4 in. the anode was eroded far more than the
cathode. At larger electrode spacings 1.576 x 10-3 in. the reverse was
seen to occur.
Of the metals tested (magnesium, aluminum, steel, copper) copper
was found to be the metal which produces the most erosive flares,
especially if the electrode is conically shaped. Restricting the arc
channel artificially by the use of a capillary insulator, severe flare
erosion was observed at the opposite electrode. Apparently a liquid
dielectric has the same restraining effect as a capillary tube since
similar results were obtained using a liquid dielectric.
Mendel'shtam and Raiskii would have the reader believe that the
primary mechanism of electrode erosion is that of flare erosion. How-
ever, this theory is not widely accepted as noted in the Cincinnati
14
report.
1.6 Experimental Program
The initial stage of this investigation was concerned with development
of a power supply capable of supplying 50 amperes for various times rang-
ing from 13 microseconds to 3.2 milliseconds. Preliminary results indi-
cated that the original 150 volt square wave design voltage was inadequate
to cause dielectric breakdown at the desired electrode spacings (.001-.010 in.).
A 1500 volt tickler circuit was added to the main power supply to cause di-
electric breakdown. Electrodes used in this program of experiments consisted
-17-
of: tool and die steel, stainless steel, aluminum, copper, graphite.
Air, argon, and Eloxol no. 13 were used as dielectrics. Various para-
metric experiments were performed. The most significant results showed
that 'no-wear" is closely related to electrode spacing. The difference
in erosion caused by the spark and arc mode of discharge was also inves-
tigated. Energy calculations were made to determine the efficiency of
the process. A theory of metal removal, based on experimental results,
is also presented. To gain an insight into the mechanism of metal
removal, an analysis of the ejected metal residue and used oil from the
commercial machine was performed.
-18-
CHAPTER 2
2.1 Electrodes Used in Experiments
H-13 Tool and Die Steel
Supplier: Carpenter Steel Company. Pennsylvania
Hardness: Rockwell A 55 (60 Kg., brale point)
Tensile Strength: 85,000 PSI
Size: 1 1/4" X 1 1/4" X 1/8"
Electrolytic Touj4 Pitch Copper
Supplier: Whitehead Metals, Cambridge, Massachusetts
Hardness: Rockwell F 47 (60 Kg., 1/16" ball)
Size: 1/4' diameter X 3'
Graphite
Supplier: Ultracarbon Corporation, Bay City, Michigan
Grade: U-2
Size: 1/4" diameter X 3"
Aluminum
Supplier: Alcoa
Grade: T451
Hardness: Rockwell "f" 60
Size: 1/4" diameter X 3"
Stainless Steel
Supplier: Unknown
Hardness: Rockwell "c" 22
Tensile strength: 112,000 PSI
Size: 1/4" diameter X 3"
Note: The H-13 Tool and Die Steel was chosen because it is representative
of the most common EDM workpiece materials used in industry. Graphite
and copper are the most widely used EDM electrodes in this country.
Aluminum and stainless steel were used for studying a few special phenomena.
2.2 Considerations Given to the Design of the Experimental EDM Power Supply
Voltage - We tried to rely on past experience in designing the experi-
mental power supply. The commercial Elox machine produces an open circuit
square wave voltage pulse of 85-90 V maximum peak to peak. Therefore, we
considered 95 VDC as an appropriate design voltage.
-1.9-
Current - Although the commercial EDM machine lent to our research
group by the Elox Corporation is rated for 400 amps, most commercial
machining is done at 50 amps or lower. Therefore, an experimental power
supply capable of delivering 50 amps for a short period of time would be
desirable.
_pen Circuit Voltage Waveform - Various open circuit voltage wave-
forms have been used with success.19 The Japanese use a rotary generator
to produce sine wave pulses. The Russians use a rotary generator to
produce square wave pulses.
Much simpler pulse forming circuits can be used to machine metals,
such. as designed by Frungel20 (Fig. 3).
+
R R
DC C GAP
Fig. 3
This is a capacitive discharge circuit which produces a decaying exponen-
tial current wave shape.
Our final decision was to use a square-wave voltage pulse for four
reasons. First, a square wave voltage pulse is the easiest pulse shape
to reproduce by other experimenters. Secondly, any phenomenon connected
with varying current during the discharge would be eliminated. Since our
group was interested in the total energy input per pulse, a square wave
current and voltage pulse would be the easiest to integrate to find this
energy. Since the commercial Elox machine produces a square wave pulse,
some of my results may be directly comparable with the commercial results.
Switching circuits - The design of the switching circuit has proved
to be one of the major stumbling blocks in this single-pulse experimental
program. What is needed is a switching device which is capable of
-20Q-
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switching 50 amps on and off for various times in the order of micro-
seconds. Consultations with electrical engineers always led to the con-
clusion that we should use the above capacitive discharge circuit.
Michael Meslink21 was of some help to us because he had worked on a pro-
ject dealing with electrochemical machining. He had experienced many
of ouorproblems. According to him, one commercially designed power supply
and switching circuit would cost approximately $9,000. He had also con-
sidered relays and vibrating contacts in a pool of mercury. Neither of
these ideas proved successful.
A close check of the circuit diagrams of commercial FDM machines
revealed that large banks of either electron tubes or transistors are
used to handle the currents involved. These banks are driven by a
multivibrator which produces the basic pulse shape. A few drive circuits
must be located between the multivibrator and the switching banks to
match their impedences. If we were to use a similar arrangement, then the
cost of the single-pulse apparatus would approach that of the commercial
machine.
Finally there seemed to be two devices suitable for our purposes.
Silicon controlled rectifiers (SCR'8) and thyratron tubes. These devices
can be obtained easily and are rated for the high currents needed. However,
both of these devices have one bad characteristic. To drive them into con-
duction a triggering pulse is needed. Once turned on, they remain on as
long as a voltage is applied across them. The only way to turn them off
is to remove the applied voltage for a sufficient amount of time in order
that they can return to their nonconducting state. After consulting manu-
facturer's catalogues of specifications, we chose an RCA 632B thyratron
as the main current switching device due to its fast turn-on time of
10 microseconds. In practice it was found that the turn-on time is even
less than 10 microseconds.
A number of switching circuits were designed and tested before a
satisfactory arrangement was found. Circuit diagrams of the various
switching circuits tested follow in Chapter 3.
CHAPTER 3 - PRELIMINARY RESULTS
3.1 Preliminary Lxperimental Apparatus and Results
The power supply (Fig. 4) and switching circuit (Fig. 5) were
designed and built keeping in mind the specifications of the previous
chapter. A timing circuit (Fig. 6) similar to the one used by Michael
Meslink and Steve Loutrell was also constructed. A sturdy electrode
holder (Figs. 7,8) with a barrel micrometer was built to obtain discharges
at gap spacings varying by .0001".
The first discharge was attempted in air between ETP copper electrodes
at .001in. electrode spacing. Much to our dismay, no discharge occurred.
The gap was then filled with Eloxol no. 13, the dielectric oil used in the
commercial machine. Discharges did occur only rarely on application of
the 95 V. pulse to the electrode gap. Decreasing the gap spacing to less
than .001 in. caused another problem. At spacings less than .001 in. with
currents in the 50 amprange, debris ejected from the electrodes would
actually bridge the gap and form a short circuit. This has the effect
of terminating the discharge prematurely.
The cathode craters formed were examined under the microscope and
appeared similar to the craters on the moon. The surface of the craters
was very rough and reflected very little light and therefore appeared
dark. Surrounding each crater was a rounded rim of copper which was
higher than the surface of the undisturbed metal. Surrounding the rim a
zone of slightly damaged surface material was noticed. It appeared to be
heat effected (as in Fig. 45 top) and covered with small amounts of debris
thrown from the crater.
It became apparent early in the microscopic analysis of the electrodes
that very smooth surface finishes must be obtained before a test is run
for the following reason. To obtain the depth of a crater, a high power
-23-
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microscope is focused on the undisturbed surface just outside the crater
rim. Then the crater is slid into view and the microscope is focused on
the bottom surface. If the microscope focusing knob has a vernier scale,
then depth measurements can be obtained. This is precisely the procedure
+ 22
which we used. The accuracy of measurement was - .001 mm . However,
this is not the most important factor in taking depth measurements. It
can be seen that the accuracy of the depth measurements decreases with
increasing surface roughness of the sample.
3.2 Conclusions Drawn from Preliminary 'Tests
1. A higher open circuit voltage is required to cause dielectric
breakdown of clean oil using polished electrodes at spacings of 0.001 in.
or more.
2. The metal electrode samples must be highly polished to obtain
accurate depth measurements.
3.3 Redesign of Power Sipply and Switching Circuit, Electrode Preparation
Up until this point we had not been completely satisfied with the
operation of the timing cirucit or shape of the voltage pulse since
operation was not stable. A new timing circuit (Figs. 9, 1G,11) was
built which was much more stable and produced a nice 200 V, output trigger-
ing pulse. Also we arrived at a new idea for forming almost perfect single
square wave pulses. This idea entails the combination of a positive and
negative voltage pulse displaced in time. Their combination leads to a
square pulse shape. See Fig. 12 for a clearer representation of this idea.
The newly designed power supply (150 V.) and switching circuit can be
found in Figs. 13 and 14.
Electrode Preparation - The copper electrodes were cut to length
with a hacksaw. The ends were ground with successively finer grits until
no. 600 was reached. The edges were intentionally rounded in the process
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of polishing so that the discharge would occur near the center of the
electrode. A chemical polishing solution of 1/3 (vol.) nitric acid,
1/3 phosphoric acid, 1/3 glacial acetic acid was recommended by visiting
Professor Pelloux which proved to be very successful. This solution
removed all the scratch marks from the metal surface and left a light
outline of the grain boundaries. After removal from the chemical
polishing solution the copper samples were rinsed in cold water, then in
methyl alcohol and dried immediately under an electric dryer. The
samples had to be wrapped tightly in paper towels to keep them from
tarnishing.
Steel samples seemed to be satisfactory when just polished with no. 600
metalographic paper.
Graphite samples were prepared in much the same manner as the copper
samples except that the chemical polishing solution was different. Ernie
De Nigris found that a solution of phosphoric acid and potassium dichromate
would etch graphite. It was found that this solution would remove small
amounts of material over long periods of time but traces of the scratch
pattern remained even after a week of soaking.
Conclusion: The peak waveshape voltage of 150 volts was still not
sufficient to cause dielectric breakdown at .010" electrode spacings.
Since we wish to carry on experiments at spacings of .010", it will be
necessary to further modify the power supply
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CHAPTER 4 - FURTHER DESIGN PROBLEMS
4.1 Considerations Given to Design of High-Voltage Tickler Circuit
1. What voltage is required to break down each gap spacing up to
.010"?
2. We would like a high-voltage spike circuit which would supply
a very high voltage. However, once breakdown has occurred, the effect
of the high-voltage circuit on the basic square wave should be almost nil.
3. How should the whole apparatus be designed to eliminate the
problem of statistical time lag of the breakdown of the dielectric?
4.2 Breakdown Strength Experiment
Since the dielectric breakdown strength of the electrode-oil com-
binations used in the single-pulse experiments were considerably higher
than those experienced in commercial machining, we decided to run a
simple experiment. Fig. 15 is a diagram of the apparatus used to obtain
breakdown strength data. The 1500 V power supply used was a three
phase half wave supply with a 36 microfarad external filter. This
supply would supply only one amp and could not sustain an arc.
Conduction of Breakdown Experiment - The electrodes selected for
the experiment were a graphite anode and a H-13 tool and die steel
cathode. These electrodes were chosen because of their widespread use
as tool and workpiece electrodes.
The two electrodes were submerged in Eloxol no. 13 oil after having
been inserted into the electrode holder (Fig. 7,8). This device was used
throughout the series of tests to obtain the desired gap spacings.
The voltage of the power supply was slowly increased at the rate of
approximately 2 V/sec until a discharge was seen to occur. The discharge
could also be heard as well as seen. The peak current was limited by the
series resistance to less than 1.5 amps. Since these discharge currents
GRAPHITE ANODE
0-1500 VDC
OIL BATH j
CATHODE-
1KSL
FIG.15 DIELECTRIC BREAKDOWN STRENGTH CIRCUIT
were deliberately limited, practically no surface damage was seen to
occur. For each gap spacing, the experiment was repeated five times.
After each discharge, the elctrodes were separated and the oil agitated
to remove any oil residue and gas which may have been produced. Often
at large spacings ('v.008 in.) the oil would breakdown at a lower
voltage than the trend was indicating. These data points were discarded.
The results of the above experiment can be found in Table I and
Fig. 16. The specifications of Eloxol no. 13 state that it has a break-
down strength of 125 V/mil. Such a test was performed using polished
metal spheres and a standard separation.
It was noticed that in the region of .D01n. spacings, breakdown
occurred at voltages of 50 V and less. It is our feeling that this
was due mainly to surface finish effects.
It is also our opinion that the breakdown strengths which could
be expected in the commercial machine would almost always be below the
curve of Fig. 16. We say this because of the rougher surface finish,
dirty oil, and ejected debris found in the commercial process.
4.3 Design of High-Voltage Tickler Circuit
After giving much thought to the requirements of this circuit and
the nature of the arc characteristics, a preliminary circuit was designed
and built. The circuit produces a decaying exponential voltage wave-
shape which is current limited by a series capacitance.
Many disturbing problems arose during the testing of this circuit.
The circuit-gap combination would produce oscillating currents although
this result was totally unexpected from this type of circuit. When diodes
were placed in the circuit to maintain the current in the desired
direction, little difference was noticed. We began to suspect that
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DATA. SHEET
Ga Spacing (in.)
Average Gap
Voltage (V.)Gap Voltage (V.)-
.001
.002
.003
.004
170
170
200
190
150
250
200
150
270
230
390
250
260
280
480
390
430
520
380
300
460
350
300
500
630
540
510
480
650
.005
.006
.007
TABLE I
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possibly this problem was caused by the combined influence of two capaci-
tances: The capacitance between electrodes, and the capacitance of
the cathode with respect to ground.
To check this possibility, a series of capacitance measurements were
performed with a General Radio impedence bridge. >Consult Table II for
these results. The measured capacitances were so small that their
effect can be neglected.
It was found after much experimentation, that if a parallel com-
bination of a large inductor and a 49 ohms resistor was placed in series
with the output of the circuit, satisfactory results could be obtained.
See Fig. 17 for the final design of the high voltage tickler circuit.
4.4 Statistical Breakdown Time Lag of the Dielectric
It was found that a considerable time lag existed between the appli-
cation of the gap voltage and breakdown of the dielectric. This phenomenon
was also observed in the commercial EDM machine although to a less signifi-
cant extent. The best explanation of the effect which can be found is in
23
Smith's thesis2. The following discussion is based on his explanation.
The total time elapsed from the instant when the voltage is applied
to the gap until the voltage reaches the value during a discharge is
called the delay time of the discharge. This delay time is commonly
divided into two main divisions. The first period is the time from the
initial application of the voltage to the gap until conduction starts
and the voltage across the gap begins to fall. This delay is commonly
called the statistical time delay since it is dependent of the appearance
and formation of free electrons in the gap. The second delay is called
the formative time lag and is the time necessary for the voltage to drop
from its applied value to its value during the discharge.
-. i i _0 0! ii '! 01 W , & I .. V. - -- --__ -, - - - ,
RESULTS OF ELECTRODE GAP CAPACITANCE MEASUREMENTS
.Gap Spacing (in.)
.001
.002
.003
.004
.005
.006
.007
.008
.009
.010
Capacitanc e (series)
117.4
99.5
98.3
98.0
97.3
97.0
97.0
97.0
97.0
96.5
Dissipaion Factor
.4900
.0405
.0400
.0400
.0400
.0400
.0395
.0395
.0390
.0390
D = ~= RWUCXc-
T5
*
General Radio Company
Impedance Bridge
Type 650-A, Serial No. 772
Note: The dissipation factor is defined as the ratio of the series resistance to
series capacitance.
TABLE II
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FIG. 17 HIGH VOLTAGE TICKLER CIRCUIT
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Smith found the formative time lag to vary from 50 millimicroseconds
using 50 V. to 13 millimicroseconds using 600 V. He did not state the
spacings or dielectric used. It was found that this formative time lag
could be much larger when using spacings of .010 in. polished electrodes
and clean dielectric oil. Statistical time lag values were observed
to be in the 30 millisecond range. For the same set of experimental con-
ditions, we have found this time lag to vary considerably.
This phenomenon caused considerable difficulty while trying to conduct
a given experiment for a constant pulse length. Even though the applied
pulse length was constant, the actual pulse length would vary measurably
because of the varying statistical time lags. To overcome this difficulty,
a special circuit was designed to sense the beginning of the dielectric
breakdown and to begin timing the discharge from this time and not from
the time the voltage was applied to the gap. This circuit and its opera-
tion will be explained later when the final pulse circuit is presented and
explained.
FORPw.
LAG
< L N\ E~.
TiME
Fig. 18
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a) RCA 632-B Thyratron Switching Tubes
b) Experimental EDM .Apparatus:
Left - Tecktronix 536 Oscilloscope with Camera
Center - Power Supplies and Switching Unit
Right - EDM Electrode Holder
Fig. 19
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c) Close-up of electrode holder showing an ETP copper anode
held in a extension of the micrometer spindle. Directly
below the copper anode is located block shaped H-13 cathdde.
Both electrodes can be seen to be submerged in a bath of
clean Eloxol no. 13 dielectric oil. Note the heavy gage
leads used to eliminate voltage drops in connecting wires.
Fig. 19 (cont.)
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TRIG. 1
TRIG. 2
FIG.20 THIRD SWITCHING CIRCUIT
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CHAPTER 5 - FINAL DESIGN AND MEASUREMENTS
5.1 Final Single-Pulse Discharge Circuit
The final single-pulse circuit is drawnin Figs. 21 and 22. Photo-
graphs of the experimental discharge apparatus are included in Fig. 19.
The procedure for forming a discharge is as follows. First the electrodes
to be used are inserted into the electrode holder (Figs. 7, 8) and set to
the desired gap spacing. The high voltage power supply is turned on
and set at 1500 VDC. The low voltage power supplies are set to 150 VDC.
For most of the experimental tests a jumper cable was placed across
thyratron no. I. At this point in the procedure the full 150 V of the
low voltage power supply is directly across the gap. Breakdown does
not usually occur because of the high breakdown strength of the electrode-
gap combination. A Tecktronix 536 oscilloscope with 53/54C dual trace
plug-in unit was used to simultaneously record the current and voltage
waveshapes during the discharge. Attached to the face of the screen
was a polaroid camera for photographically recording the waveforms. The
shutter of this cameria is now opened. Pushbutton B is now depressed
which "rings" the LC circuit on the right. This induces an oscillating
voltage in the secondaries of the PE2231 pulse transformer. A positive
rising voltage in the secondary of the PE2231 will overcome the negative
bias placed on the grid of the Raytheon 5557 thyratron in the high
voltage switch and drivesit into conduction. When this occurs the voltage
across this tube drops to approximately 16 V. The remainder of the 1500 V
appears directly across the gap. If breakdown does not occur, the series
capacitance slowly charges and reaches a voltage close to 1500 V. At this
point the full 1500 V of the high voltage power supply appears across the
series capacitance and the voltage across the gap and thyratron drop to
almost zero. This condition causes the 5557 to stop conduction andit
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"goes out."1 When this occurs the series capacitance is slowly discharged
through the large shunting resistor and eventually reaches zero volts.
The circuit is now ready to be fired again. If pushbutton B is again
depressed the 1500 V will again be applied across the gap as before. If
breakdown occurs, the gap resistance drops from infinity to about 1 ohm.
The RC time constant of the high voltage tickler circuit then becomes
-6
50 X 10 sec. In approximately this time the series capacitance becomes
charged and causes the 5557 to "go out" thus eliminating the high voltage
circuit from the main discharge circuit. As stated earlier the 150 V of
the main power supply has been applied to the gap during this time, and
now sustains the arc. Once conduction begins there is a small voltage rise
across the 0.1 ohm resistor in series with the gap. This has the effect
of pushing the button and "rings" a second LC circuit. The output of the
PE2231 triggers the scope sweep and the microsecond time delay circuit.
After the predetermined time has elapsed, the time delay circuit emits
a 200 V triggering pulse. It was found that this 200 V pulse was not
great enough to accomplish the desired results. Therefore, this voltage
is amplified by the use of a Princeton Applied Research Transformer
Model AM--l. The output voltage then overcomes the negative bias of the
second RdA 632-B thyratron and drives it into conduction. The negative
pulse applied to the gap when added to the positive one previously
present causes a zero resultant voltage across the electrodes and the
discharge ceases. however, a close inspection will reveal that now a
cyclic current is flowing in the outside loop of the main power supply.
A small voltage is induced across the right hand 4 ohm load resistor which
triggers a holding relay off. This turns off the current to the main
power supply. The sequence is now complete and the shutter to the oscillo-
scope camera is now closed. It will be noticed that the whole discharge
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process is initiated with only one pushbutton and all succeeding
functions follow automatically.
Since the gap voltage before breakdown may reach 1500 VDC, some
means had to be provided to protect the oscilloscope. This was accom-
plished by constructing a voltage clamp (Fig. 23). This circuit limits
the output voltage to 60 V whenever the input voltage is greater than
60 V. However, if the input voltage drops below 60 V, then the output
is .62 times the input. This circuit allows the oscilloscope vertical
deflection to be set at 5 V/Cm and record only the breakdown voltage
waveshape.
5.2 Typical Voltage and Current Waveshapes During a Discharge
Discussion of arc voltages - The final pulse circuit was designed
to produce an open circuit square-wave pulse of 150 V. The high-voltage
tickler circuit develops 1500 V peak. In an attempt to cause dielectric
breakdown using both circuits, the voltage difference between electrodes
appears as in Fig. 24a. However, if at any time after the high voltage
VO-TS voI.Ts
1500 V.- DsoOV.
00 24
T, r1
Fig. 24
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has been applied to the electrodes, breakdown occurs, the gap voltage
decreases rapidly to a low value (Fig. 23b). This voltage is normally
between 10-15 V. The gap voltage can be divided into three parts, the
cathode fall, anode fall, and the voltage drop in the main plasma column.
The anode and cathode fall are mostly a function of the electrode materials.
28
According to Sommerville , the cathode fall, Vc , for both refractory
and low melting point metals is about 10 V. He states that low melting
point metals have an anode fall, Va , ranging from 2-9 V. Von Engel2 4
has found the anode fall of refractory materials to be in the range of
11-12 V. He has also found the voltage drop across the plasma column to
be negligable because of the small gap distances involved in EDM. We
found the arc voltage drop to increase slightly with increasing electrode
spacings. The increase in arc potential was probably due to an increase
in anode fall with increasing distance was also found in experiments done
by Busz -Peuckert and Finkelnburg.
2 5
, 26
5.3 Calculation of Theoretical Arc Voltage
As an example, assume we wish to form a discharge in an oil dielectric
between a copper anode and a steel cathode. What discharge voltage can
we expect? The lowest voltage to be expected would be the sum of the anode
fall of copper plus the cathode fall of steel. The value would then be
(V = 2-9) + (V = 10) = 12 - 19 V. Therefore, the voltage expected to
a e
appear across the electrodes during the discharge would be 12-19V. Most
of the actual discharge voltages were found to fall in this range.
5.4 Measurement of Voltage and Current
The high voltage tickler circuit was so designed that once break-
down has occurred, its effect was negligible. However, the main power
supply sustains the discharge for the predetermined time. Its 150 V output
-.55-
will appear in two places. A portion will appear across the electrodes,
the remainder appears across the 4 ohm series current limiting resistor.
It can be seen that the discharge current is limited by this resistor.
The discharge current can be varied by changing the valve of this re-
sistance. The strange feature of the arc is that the voltage across the
electrodes remains relatively constant as the current is varied.
The discharge current and voltage were measured and recorded by
use of oscillographic traces. Part of the final discharge circuit (Fig. 25)
is included below for convenience.
The terminals marked "I" and
+ are connected to the upper and
lower amplifiers respectively of the
oscilloscope. The voltages recorded
are with respect to ground potential.
C The top traces of Fig. 26a are a record
Rzz 0-131
of the current, voltage, and discharge
time used to produce the craters of
Fig. 49, top. The sweep is from right
to left. The voltage waveform is the bottom trace, the upper being the
current. Zero volts corresponds to the bottom horizontal line; the scale
is 10 V/Cm. Zero current corresponds to the central horizontal line,
the scale being 2 V/Cm. A close examination of the current waveform
shows that maximum current occurs early in the discharge. The current
slowly decreases with time. This effect is caused by the discharging
filter condensers. If the power supply had a lower internal resistive
impedence, the current waveshape would be flat.
5.5 Sample Calculation of Voltaye and Current
Examistng the top traces of Fig. 26a the reader will find that the
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) Cu anode, Cu cathode, .001 in., L)Resistive Load
.43 ms, oil
c) .006 in., Cu anode, 11-13 cathode,
3.2 ma, oil
4).002 in., Cu anode, H-13 cathode
.23 ms, oil
Fig. 26 - Oscillographs - Voltage and Current
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average value of the current trace is 4.8 V and 11 V for the voltage
trace. The average current during the discharge is then:
4.8 V=R - 0.1 ohms)- 48 amps.
The average voltage from anode to ground was found to be 11 V. This
value must be divided by .62, the attenuation factor of the voltage
clamp, to yield the actual voltage from anode to ground:
V =ll/.62 = 17.8 V.
a-g
The average voltage of the anode to cathodeis then:
V -V - V 17.8 - 4.8 - 13.0 V.
a-c a-g c-g
The total energy input can now be calculated. The time base was
set to 100 microseconds/Cm. The total duration of the discharge was
480 microseconds. The energy input is:
-4
13.0 V x 48 amps x 4.8x10 sec. - .30 w-sec.
The accuracy of these measurements is mostly a function of how well
an accurate calculation of average voltage can be obtained form the
oscillographic traces. In some cases, the voltage and current waveforms
are quite unsteady and it is difficult to calculate exactly the average
value of the discharge voltage. It is quite easy to read the oscillo-
graphic traces to the nearest volt however.
5.6 Other Oscillographic Traces
Other oscillographic traces are included which are of particular
interest. Fig. 26b is a series of voltage pulses applied to a 56 ohm
resistive load instead of a gap filled with dielectric. Fig. 26c shows
the results of discharges between a copper anode, 11-13 tool steel cathode,
.006 in. electrode spacing, 3.2 millisecond discharge, Eloxol no. 13
oil bath dielectric. Note the choppiness of the upper current trace.
F' -58-
This indicates an unstable discharge which can be seen to completely
"go out" and then "reignite'.' Such activity will generally produce as
many separate craters as breaks in the current trace. In contrast to
the instability noted above, the current trace of Fig. 26a is "steady"
indicating that the discharge was stable. Lxamination of the craters
produced resulted in Fig. 49a. The reader will notice three distinct
craters, indicating that the arc channel has moved and remained in
these three areas long enough to produce craters.
Fig. 26d, top, is most interesting. The discharge was formed under
the following conditions: copper anode, H-13 tool steel cathode,
Eloxol no. 13 oil dielectric, .002 in. electrode spacing, .21 millisecond
discharge duration. This discharge begins in the usual manner until
after .10 milliseconds, the voltage drops to almost zero and the current
increases, indicating the tendency for debris ejected during a discharge
at close spacings to bridge the gap and form a short circuit.
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CHAPTER 6 - ANALYSIS OF DIELECTRIC OIL AND EJECTED METAL RESIDUE
6.1 A Theoryof Dielectric Decomposition
It is our belief that the oil used in the spark gap is of the utmost
importance as far as ease of breakdown and machinability are concerned.
As a consequence of the difficulty experienced with high breakdown
strengths in the single-pulse experiments when compared to the commercial
process, it was decided to test pure and used Eloxol no. 13.
Out theory is that the difference is caused by fine particles of
graphite and metal suspended in the used oil. The graphite or carbon
is probably caused by the high temperature of the arc as the oil is
broken down from long chain hydrocarbons to shorter ones. The by-
products of such a reaction would be carbon and hydrogen if the oil
was completely broken down.
As an example, suppose we have a straight chain molecule as fellows:
H-C-C- C-C-C-C- H
HH HHHH
Hexane
Fig. 27
If this molecule is partially broken down into two smaller ones we might
find:
~H H, H H
H-C-C-H ± H-C-C-C-H + C
H H H H H
Ethane Propane
Fig. 2$
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The result of which might be ethane and propane plus free carbon.
The chief engineer of Elox Corporation, Troy, Michigan, has told
our group that Elox has had the gases which evolve during EDM machining
process analyzed. The results showed the gases to be explosive (H2)
which gives some support to our theory.
6.2 Analytical Procedure
To test our theory, Robert De Marinis in the Analytical Chemistry
Laboratory performed an analysis of new andused Eloxol no. 13. A sample
of used EDM residue and oil was separated into two components by fil-
tration. Although the oil passed through the filter paper easily, the
suspended portion of the black residue did likewise. Only after using
very fine pore filter paper and a vacuum, was he able to separate the
suspended black residue from the oil.
The fine metal particles were washed repeatedly with trichloro-
ethylene and carbontetrachloride to remove the absorbed oil.
6.3 Results
A pure sample of Elox oil and a used sample were passed through a
F. & M. No. 5750 research gas chromatograph. This instrument consists
of a heated injection port and a slender column packed with a granular mater-
ial. Helium is used as a carrier gas. When a sample is injected, it is
vaporized in the injection port. Different molecular weights pass through
the column at different rates. At the far end of the packed column is a
hot wire whose resistance changes with temperature. As different compo-
nents pass through the column with their individual heat capacities, the
temperature of this wire will change. The change in temperature of the
wire also changes its resistance and the current passing through it will
also change.
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The attached recorder sheet (Fig. 29) is a record of changes in
heat capacity of the gases passing through the egliwn as a function of time
for new and used Eloxol no. 13 oil.
The height above the baseline is the intensity of the component
present. The time from injection is related to the molecular weight of
.the component.
The results show that the used oil is almost exactly like the new
oil. However, a careful examination reveals a slight shift from higher
to lower molecular weights of the used oil in comparison to the new oil.
The intensities are found on a percentage basis and not on an absolute one.
All the peaks of the used oil were found to be higher than the new oil,
indicating that a slightly greater amount of used oil was injected.
A subsequent analysis of the metal ejected during machining was
performed by Hans Juvkam-Wold. As stated in his thesis27 these particles
were found to be brittle hollow metal spheres of various diameters and
wall thicknesses.
The analysis of the black residue and metal spheres was left to
Mr. Guernsey of the M.I.T. Analytical Laboratory, Building 13. A portion
of the clean black residue was given a spectrographic analysis with the
following results:
TABLE III
Residue
.0001 - .01%
.0001 - .01%
.0001 - .01%
10%
.0001 - .001%
.01 - 0.1%
.0001 - .001%
.001 - .01%
.0001 - .001%
Carbon - BaOH Solution
Since spectrographic
analysis cannot be used
to determine the amount
of carbon, this was done
by a BaOH solution tech-
nique.
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results:
etal spheres were chemically analyzed with the following
C 4.85%
Cr 0.65%
V 0.17%
Mo 0.16%
Rest assumed iron
Mr. Guernsey felt that the high percentage of carbon found in the
chemical analysis of the spheres resulted from carbon remaining on the
surface after washing.
The alloy content of the metal which was machined is stated to be:
TABLE IV
Carbon 0.40%
Manganese 0.35%
Silicon 1.10%
Chromium 5.00%
Vanadium 0.90%
Molybdenum 1.25%
Source: No. 883 AISI Type H-13
Carpenter Steel Company
Reading, Pennsylvania
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CHAPTER 7 - EXPERIMENTAL RESULTS
7.1 Repeatability Test
Purpose - Once the final pulse circuit had been perfected, it was
necessary to insure that the results be repeatable. The idea was to
form a number of discharges between identical electrodes, under identical
conditions, and analyze the results. Hopefully, the craters would all
have the same shapes, diameters, depths, and appearance.
Materials and Conditions of Test - The electrodes chosen for this
experiment were a H-13 tool steel cathode and a electrolytic tough
pitch copper anode
H-13 Cathode
Finish: Semi mirror
Copper Anode
Finish: 600 grit - chemical polish (solution)
Gap Spacing - .003 in.
Dielectric - Eloxol no. 13 clean
Time - 3.2 Milliseconds
Voltage - 12.1 (measured)
I 44 amps
Procedure - The timer was set at 3.2 ms and the electrodes spaced
at .003 in. The dielectric was used as an oil bath. Photographic records
were taken of the voltage and current waveforms. These results were
recorded for two main reasons. First, we wanted to be certain that metal
ejected during the discharge did not short-circuit the gap causing pre-
mature termination of the discharge. Secondly, our research group wanted
to know the gap voltage, current, current densities, and energy input
for this combination of electrode materials. A comparison of these re-
sults with those previously reported in the literature would be an
interesting study, and is included later in this work.
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Values of anode and cathode dimensions, arc voltage, current, and
current densities can be found in Tables I and 31.
Discussion of Results - The photographic results showed the dis-
charge times to be constant. The maximum current is limited by the
impedence of the pulse circuit. The gap voltage and current are functions
of the arc which according to Sommerville28 depend heavily on the electrode
materials.
The crater diameters were examined under 40X using an American
Optical stereo microscope. An interested reader may like to refer to
Fig. 30 and examine a typical crater. Diameters were measured using a
scale printed on one of the lenses. The crater depths were found by
focusing a high power microscope on the undisturbed metal surface just
outside the crater rim and then focusing on the bottom of the crater.
The difference in Vernier readings found on the focusing knob is the
crater depth.
Even though the accuracy of the measurements is quite good, many
features affecting the overall accuracy are included in the nature and
shape of the craters.
It was found that the shape of the craters changed with discharge
times and electrode material. The crater depths were found to remain
relatively constant with increasing discharge times, holding discharge cur-
rent constant. For any given crater, the bottom surface was rough and
irregular. Usually there was one point which was almost twice as deep as
the average crater bottom surface. When depth measurements were taken,
this point of maximum depth was recorded as the crater depth. As stated
earlier, our group was interested in energy distribution at each electrode.
From the above measurements we calculated the volume of cathode crater
assuming it to have a cylindrical cross section.
11-13 CATHODE
CRATER NO. DEPTH (IN.) AVERAGE DIAMETER (CM) AREA (CM2 )
AVERAGE
VOLTAGE CURRENT (A)
CURRENT 2
DENSITY (A/CM_)
1.79 x 103
2.49 x 103
2.81 x 103
2.44 x 103
.00134
.000314
.000473
.000354
.160
.132
.124
.137
.0201
.0137
.0121
.0148
16.1
16.1
16.1
16.1
TABLE .
U
ETP COPPER ANODE
CRATER NO. DEPTH (IN.) AVERAGE DIAMETER. (CM) AREA (CM )
AVERAGE
VOLTAGE CURRENT (A)
CURRENT 2
DENSITY (A/CM2
.0219
.0181
.0147
.0170
16.1
16.1
16.1
16.1
2.05 x 103
2.43 x 103
2.76 x 103
2.53 x 103
Note: Crater depths were irregular and no accurate measurement could be performed.
TABLE M
.167
.152
.137
.147
Energy Calculations - The cylindrical shape was chosen because of
the crater dimensions. In later experiments, using substantally shorter
discharge times, the crater depths remained relatively constant but the
diameters were much smaller. An assumed sperical section was chosen
to more closely resemble crater volumes under these conditions.
A specific crater was chosen from those produced in this test. The
energy required to remove this amount of metal (cylindrical volume)
was assumed to be the heat required to heat the metal from room tempera-
ture to the melting point plus the heat of fusion-and was calculated to
be 2.24 X 10~ BTU. Heat transferred to the underlying metal was not
included because this energy is not directly used to remove metal. The
BTU equivalent of the total arc electrical energy input was calculated
to be 2.125 X 10 3 BTU. Roughly 10 1/2 percent of the total arc energy was
used to remove cathode material under the above conditions. A calculation
was performed to obtain a ballpark figure on the amount of heat trans-
ferred to the underlying metal. A temperature gradient of 7.9 X 106 0 F/in.
based on the work of De Nigris29 was assumed directly under the liquid-
solid boundary. The crater area was used as the heat transfer surface.
The heat lost to the base metal was assumed to be:
K x Ac x 0F/in. x [Tdischarge~cmelt
Surprisingly enough, this value was 2.1 X 10 BTU. Of course something
is in error. Later experiments suggest that the arc column does not
occupy the whole crater. A heat transfer area based on the cross-sectional
area of the arc column would significantly lower the above figure.
The percentage of energy reaching the cathode is reported by some
investigators30 to be 15 percent. If this is the case, then~33% of the
energy entering the cathode is lost to the base metal. We have reason to
believe that the conduction heat loss in the cathode is greater than the
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t51 stated above for the following reasons. First, the crater depth used
was the maximum depth. Secondly, on closer examination the crater
diameter used included the crater rim. Lastly, the assumed cylindrical
shape of the crater would include more volume than the actual crater
because of rounded sides.
How can we obtain better information on the shape of a crater? An
interferometer seemed to be the answer. Our group experimented with
such an instrument for some time. This particular instrument(Varian
Model No.980-4ooo)used a sodium lamp as a light source. The principle of
operation is light interference. When two monochromatic light rays are
superimposed upon each other and are 1800 out of phase, they destructively
interfere and no light is seen. By viewing an uneven surface with such
an instrument, surface (contours can be seen just like on a topological map.
When our craters were observed using this instrument, our hopes lessened
rapidly. One of the requirements is that the surface being observed
have a highly reflective surface. Needless to say, our crater surfaces
were so rough that no interference was observed. A stylus probe and
recorder was also experimented with by Hans Juvkam-Wold. Results using
this method were disappointing.
There is one method which seems plausible but the final accuracy might
be questionable. The crater was to be filled with epoxy plastic. Then
the hardened mixture was to be pulled loose and placed in a vacuum where
a highly reflected layer of aluminum is deposited two or so molecular
layers thick on its surface. The surface could now be analysed using an
interferometer.
The current densities found to exist in this experiment were roughly
2.5 X 103 amps/Cm2. According to some published results 31 , this value
should be much higher (in the range of 105 - 106 amps/Cm2). Why should
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there by such a difference in current densities? The answer to this
question was found by accident in a later experiment which is included in
this thesis.
Conclusions - Since the voltage and current waveforms appeared
almost identical, the pulse circuit was deemed to be consistent. The
variation in cafere irregularities is due to the electrodes. The appar-
ently small calculated amounts of energy required to remove metal in
comparison to total arc energy may be even smaller when aniaccurate
figure of crater volume can be found.
A rather interesting result was obtained from experimental results
on the commercial Elox machine. Only 1-2 percent of the total electrical
energy input was actually used to directly remove metal. The remainder
of the energy is most probably lost in heat conduction and to heating
and reheating debris in the gap.
7..2 " No-Wear Experiments
An offshoot of the experiments using an H-13 cathode and ETP copper
anode was an investigation of the phenomenon of "no-wear.' Previous
experimental results obtained from both single-pulse and commercial
machine experiments indicated that 'no-wear" was directly connected with
gap spacing. We felt that "no-wear" could be explained by spreading
of the arc channel in the vicinity of the anode. This would decrease
the energy input per unit area at the anode and thus cause little surface
damage.
A specific experiment was conducted to determine the effect of gap
spacing. The samples were placed in the single-pulse test holder;
discharges were made at gap spacings ranging from .003 in. to .010 in. by
D + D
max min
.001 in. steps. The diameter of each crater ( 2 ) was measured
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and recorded. Oil was placed in the gap with an eye dropper. Discharge
times were 30 milliseconds. The current was held at approximately 34 amps.
Stereo photographs were taken of craters produced with .003 in. and .008 in.
gap spacings. Voltages ranged from 12.1 - 15.4 V.
Results - The crater diameters produced were large in comparison
to those found in normal machining using a conventional EDM machine.
It was observed that at gap spacings varying from .003 in. to .006 in.
steel was transferred from cathode to anode. The pits on the steel
cathode surface did not change in roughness to any extent as the gap
spacing was increased; only their diameter increased.
The most significant changes were found to occur at the copper
anode. The .003 in. electrode spacing crater appeared rough and plated
with steel. As the spacing increased the anode crater roughness de-
creased. Also with increasing electrode spacings, the amount of steel
plating decreased until at .007 in., no steel transfer was noticed.
During the transition steel plating occupies the center of the anode crater
with a dark scorch mark surrounding it. As the spacing increased the
crater became mostly scorched with no visible steel transfer. The transi-
tion can be seen in the stereophotographs of Fig. 30. (To properly view
these photographs, a stereo viewer is needed.)
Figure 31 is a plot of anode scorch mark and cathode diameters as
a function of gap spacing. As can be seen in Fig. 30a, the copper anode
crater is actually composed of a number of small craters. As the electrode
spacing is increased and the severity of anode pitting decreased, it became
more and more difficult to obtain a measurement of their size. For this
reason we chose to plot anode scorch mark diameters in Fig. 31.
It was expected that the anode crater would be larger than the
corresponding cathode crater because of the electron repulsion effect. 3 2
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a) ETP copper anode ItaX
.003 in., 30 ms., 50 A.,
12.1 V., oil drop
c) ETP copper anode 73X
.008 in., 30 ms., 50 A.,
15.4 V., oil drop
b) H-13 steel cathode
.003 in.
d) H-13 steel cathode
.008 in.
Fig. 30
"No-wear" Photomicrographs
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This effect would cause a lower current density at the anode resulting
in less heating per unit area and therefore less surface damage. however,
the reverse seemed to be the trend in this experiment.
When this experiment was repeated at shorter discharge times, using
an oil bath dielectric and higher currents, similar 'no-wear' results
were obtained.
CurrentDensity - In analyzing the results of an experiment (.007 in.,
3.2 ms, 50A) using as before an H-13 steel cathode, ETP copper anode, a
pair of craters on both electrodes was found to be connected by a small
channel (Fig. 32). We noticed a tendency toward multiple craters at
17large spacings and times as observed by Williams . Earlier it was
mentioned that calculated current densities were in the order of 103 A/Cm2
and that the reported values in the literature were in the range of
5 6210 - 10 amps/Cm2. After some thinking we postulated the following
theory. The actual area of the crater is not the area of the arc column.
Rather, this carter is swept out by a "wandering" arc column of much
smaller cross-sectional area. This statement is based on three experi-
mental facts. First, if the width of the connecting path in Fig. 32 is
assumed to be the diameter of the actual arc column, then the calculated
6 2
current density becomes roughly 10 A/Cm2. Also the shapes of the craters
match each other on corresponding electrodes. In many cases they were
not round. One intuitively feels the arc column would have a circular
cross-section rather than a nonsymmetrical shape as were some craters.
Crater depths did not increase appreciably with increasing discharge times
at constant gap spacing and current; instead, the crater diameter increased.
These three aspects of the craters produced by an arc tend to support our
'wandering" arc theory.
Kesaev33 has reason to believe that the motion of the cathode spot
is purely random. lie says that random motion is indicated by the fact
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a) H-13 cathode 65X
.007 in., 3.2 ms., 50A., 15.4V., oil
b) copper anode 65X
.007 in., 3.2 ms., 50A., 15.4V., oil
Fig. 32
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the mean square of the distance 9 of the spot from the initial spot
on the cathode is a linear function of the time at which the observation
is made:
where D may be formally designated as the diffusion coefficient of the
34
cathode spot. The above equation was found by Schmidt to hold, but he
also found the probability of finding the spot in different parts of
the cathode was not constant. It was found that the parts of the cathode
were the discharge was most likely to be were those with the shortest
path to the anode.
35
Steer continued the investigation of the motion of the cathode
spot on a pool of mercury. At high currents, several independent spots
were noticed. His results suggested that there was a repulsive force
acting between the various cathode spots.
Kesaev states "The random motion of the spot on mercury is assumed
to come from local explosive boiling of the cathode produced by large
amounts of heat liberated in small volumes. This purely fanciful
conclusion has never been verified experimentally, nor does it seem con-
vincing in view of the observations which show that the same kind of
t~ 33
motion occurs in solid cathodes, including the difficulty fusible ones.
The "no-wear" experiment was repeated using a shorter discharge time
of 3.2 milliseconds. These results are tabulated below. The discharge
current was approximately 50 amps. An oil bath dielectric was used instead
of placing oil between electrodes with an eye dropper. The oil bath method
was used in all succeeding experiments when an oil dielectric was desired.
The arc voltage ranged form 12.1 - 15.4 V. Electrodes consisted of a
11-13 cathode, ETP copper anode.
The results were the same as before. The anode and cathode crater
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11-13 CATHODE
ELECTRODE SPACING (IN.)
.002
.003
.004
AVERAGE DIAMETER (IN.) MAXIMUM DEPTH (IN.)
.053
.063
.054
.049
.054
.054
.056
.056
.060
.058
.056
.056
.056
.056
.053
.062
.052
.075
.062
.005
.006
.007
.00134
.00031
.00047
.00035
.00035
.00095
.00146
.00181
.00216
.00146
.00153
Note: The steel cathode depths were very difficult to measure be-
cause of their unevenness. The crater depths reported above are maxinum
depths. It can be seen that the craters are very shallow in comparison
to their diameters.
TABLE ~
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ETP COPPER ANODE
ELECTRODE SPACING (IN.)
AVERAGE SCORCH
MARK DIAlMETER (IN.)
.002
.003
.004
.0458
.066
.060
.054
.058
.054
.050
.062
.062
.060
.061
.056
.055
.055
.005
.006
.007 .054
.056
.061
.057
Note: The copper anode craters appeared similar to
those of Fig. 30a, c and no approximate value could be measured
which would represent these crater depths.
TABLE TT
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FIGo. 3+ -
diameters changed little with electrode spacing (Table E and Figs. 33, 34).
At this point in the experimental program we began to realize that
craters produced by discharges of over 1 ms were actually a combination
of many smaller ones. The thing to do was to experiment with shorter
times. When this was done, the same results were obtained. As the discharge
times were shortened, the craters became more round and were finally com-
posed of a single crater.
As a result of these experiment, our original theory of "no-wear' was
32disproven. This theory as patented by Webb of Elox states that at
larger gap spacings the arc column tends to spread from cathode to anode
due to electron repulsion. Previous tests have indicated that the arc
column does not grow appreciably with increasing electrode spacing. This
leads one to believe that when the electrode spacing is increased,
using a steel cathode and copper anode, the metal ejected from the cathode
either cools down or slows down so that it is incapable of damaging the
anode. At intermediate spacings, material from the cathode may adhere to
the anode and form a protective layer which has to be machined off before
any anode damage can occur. If the electrode spacing is just right then
plated material on the anode is replaced as fast as it is lost and thus
practically "no-wear" is noticed at the anode.
An analytical test performed on a copper tool which was used to
machine a h-13 workpiece using the commercial EDM machine under "no-wear"
conditions showed its surface to be about 50 percent steel.
7.3_of CopperA de Crater Diameters and Depths on Discharge
Time Usin a Graphite Cathode
This test was run at the suggestion of Ron Weetman to check a theory
which he had devised in response to an earlier test using the same electrode
materials and polarities.
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Conditions of Test
Electrode spacing: .005 in.
Anode: Electrolytic tough pitch copper
Cathode: Graphite, ultracarbon grade U-2
Dielectric: Clean Eloxol no. 13
Discharge Current: 50 amps
Arc Voltage. 19.6 V (measured)
Discharge Times: 13 )us, 50 us, 200 us, 450 us, 1.6 ns, 3.2 ms
Reisults - We had hoped that this test would clearly show the
transition from the spark to the arc mode of discharge. It appears that
this transition occurs in the 0-13 microsecond range.
A typical anode crater appeared as follows:
W i4oLs A R EA BLACt.aDeX
C RA--rER
WNELL DeFriNaD Rim~
Sco~cl4 /"A\A RK
SPLASHE-D MAT-ERIAL
Fig. 35 - Copper Anode Crater
The test results showed that the anode crater increased slowly in
size from .0083 in. (13 microseconds) to .0135 in. (3.2 ms) (Fig. 36)
with increasing discharge times. No rapid increase in crater diameter
was seen to occur. The average diameter of the scorch mark, which is
generally much larger than the anode crater, was seen to increase more
rapidly with time. The average scorch mark diameters ranged from
.0143 in. (13 microseconds) to .0338 in. (3.2 ms) (Fig. 37). No copper
from the anode was found transferred to the cathode. Photomicrographs
of the change are included in Fig. 38.
Measurements of the copper anode depths showed that these depths
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a) copper anode 10(0X
.005 in., 13 s., 50A., 19.6V., oil
b) copper anode 100X
.005 in., 3.2 ms., 50A., 19.6V., oil
Fig, 38
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ranged from .0011 in. for the 13 microsecond discharge to .0015 in. for
the 3.2 millisecond discharge.
Examination of the copper anode revealed that all samples had only
one well defined crater with a rim. From these results we can see that
the copper anode crater diameter and depth slowly increase as the dis-
charge time is increased. It appears that this crater is produced by an
intense spark in the initial stages of the discharge. however, the lower
current density arc, which follows later, evidently is unable to cause
further surface damage.
These results seem to indicate that the fastest way to remove
material, exclusive of machinability, from a copper anode using a
graphite cathode is to use high current pulses of short duration at
high frequency. Little benefit will be realized by applying pulses of
over 100 microseconds.
7.4 Copper Cathode - Copper Anode-Various Discharge Times
Purpose of Test - Weetman suggested this test to see the effect of
cathode material on the copper anode crater. He believes that the cathode
is the determining factor on the current density of the discharge channel.
A refractory cathode will produce lower current densities than a low
36
melting point material, as discussed in his thesiss. In the previous
experiment, using a graphite cathode and a copper anode, the anode crater
diameters and depths were almost constant with time. We feel that they
were formed by a spark mechanism in the initial stages of the discharge
which soon changed to a lower;current density arc. The current density
was low enough so that no further surface damage was noticed.
However, using a copper cathode, we expected not only the crater due
to the spark but more surface damage caused by a higher current density
arc.
-88-
-U-----
Conditions of Test
Electrode spacing: .005 in.
Dielectric: Dirty Eloxol no. 13
Anode and cathode: LTP copper
Times: 13 M5, 50 js, 230 As, 450.us, 1.6 rs, 3.2 ms
Current: Approximately 52 amps
Voltage: 12.6 V
Results -- Dirty oil had to be used in order to cause dielectric
breakdown with this electrode combination. There was a tendency to
form multiple craters at the longer discharge times used in this experi-
ment. An examination of the current and voltage photographic traces
showed these discharges to be unstable, i.e., on and off. At shorter
discharge times the discharges were continuous. The crater diameters for
the multiple craters plotted on the following graphs are equivalent diameters
to give equal areas.
The results were surprising! $ee Table I1, l and Figs. 40, 41,42)
The anode crater diameters only increased by a factor of two for a factor
of change in time of about 300. The same was true for the cathode craters.
Anode crater depths range from .0006 in. (13 microseconds) to .0004 in.
k3.2 milliseconds). Some anode craters appeared raised as in Fig. 44.
The copper cathode craters ranged from a depth of .0008 in. (13 microseconds)
to a height of .0005 in. (3.2 milliseconds). The build-up of material on the
copper cathode at the long discharge times was surprising.
Possibly this result offers some insight into the very slow machining
rate of a copper workpiece when machine with a copper tool using the
commercial machine. As state earlier in this section, it was extremely
difficult to initiate discharges between identical copper electrodes and
dirty dielectric oil had to be used. Even though the voltage pulse
length applied to the electrodes is constant, actual discharge times will
vary because of large random statistical breakdown time lags. If this occurs,
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Copper Cathode, Copper Anode
CATHODE CRATER DIAMETER
CRATER NO.
CATHODE CRATER
DIAMETER (IN.)
*
.0096 (.0345)
*
.0074 (.0240)
*
.0091 (.0345)
*
.008 (.0270)
*
.006 (.0248)
.006 (.0225)
*
NC (.0285)
*
.0045 (0215)
*
.0045 (.012)
*
.0045 (.0113)
.006
.006
*( ) Scorch Mark Diameter
TABLE IX
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TIME
3.2
3.2
1.6
.450 ms
.450 ms
.450 ms
.230 ms
.230 ns
.050 ms
.050 ms
.013 ms
.013 ms
CRATER NO.
Copper Cathode, Copper tnode
ANODE CRATERS
ANODE CRATER
DIAMETER (IN.)
.006
.0113
.0082
.0105
.012
.0098
.0083
.009
.009
.006
.0068
.0058
*( )
*(.0353)
*(.0248)
*
(.0323)
*
(.0323)
*(.0248)
*(.0240)
*(.0188)
(.0195)
*
(.009)
(.0075)
Scorch Mark Dianeters
TABLE X
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TIME
3.2 ms
3.2 ms
1.6 ms
1.6 Ins
.450 ns
.450 mrs
.230 ms
.230 ms
.050 ins
.050 ms
.013 ms
.013 ns
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a) copper anode 100X
.005 in., 13 s., 50A., 12.6V., oil
b) copper anode 100X
.005 in., 1.6 ms., 50A., 12.6V., oil
Fig. 42
-94-
16X
16X
material may be transferred back and forth between anode and cathode
with very little resultant wear on either electrode.
The scorch marks were seen to increase much faster with time than the
craters. The scorch mark appears to be produced directly by the arc
rather than by heat transferred from the crater. This can be seen by
noticing the trail left on the copper electrode surface as it wandered
from place to place on the electrode surface.
Weetman feels that the results of the last two tests are the
most significant results to date. After carefully examining the elec-
trodes, he made the following observations. The copper anode craters
formed when using a graphite cathode were due mostly to a high intensity
spark. Little further damage was caused by the arc mode. However, when
the cathode was changed from graphite to copper, the copper anode craters
formed at 13 microseconds were smaller in diameter and depth. With in-
creasing times, the anode craters grew. he believes that the initial
craters were formed by a lower intensity spark (than with a graphite
cathode) or the beginning of the arc and the larger craters formed at longer
discharge times were caused by a higher intensity arc. In other words,
a graphite cathode when compared to a-copper cathode, produces a higher
intensity spark and a lower intensity arc.
For equal amounts of energy input, the graphite cathode (when com-
pared to the copper cathode) removed a greater amount of anode material.
This can be seen by comparing crater diameters and depths in this and the
previous experiment. Total erosion using the graphite cathode remained
approximately constant as the discharge time was increased. Although the
anode erosion using the copper cathode was not as great as we had hoped,
the results did show the intensity of a low melting point cathode arc.
Plating was observed to occur when using the low melting point cathode as
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also noted in the following experiment in Section 7.5.
7.5 Copper Anode and Cathode Craters as Function of Electode Spacings
Purpose - To see if similar 'no-wear" results could be obtained
with copper electrodes as found earlier using a copper anode and 11-13
cathode.
Conditions of Test
Anode and Cathode; ETP copper
Discharge 'times: 230 microseconds
Discharge current: Approximately 50 amps
Discharge voltage: 11.6 - 14.3 V
Electrode spacings: .002 in., .003 in., .004 in.
Results - Contrary to our expectations, the anode received the most
damage in this series of tests even as the spacing was increased.
At .002 in. electrode spacing, the anode craters appeared to be higher
than the surrounding surface in the center by about .00025 in. (Fig. 44).
The rims of the craters were about..00125 in. higher than the undisturbed
surface. This suggests plating by cathode material. The cathode craters
(Fig. 43) had depths of at least .000315 in. The cathode craters did not
have rims at .003,in. and .004 in. electrode spacings. A change was
noticed in the appearance of the anode craters over those produced at
.002 in. electrode spacing. The anode craters appeared deeper with high
rounded rims. Over this was superimposed a smudge circle (scorch mark)
many times greater than the crater. The .002 in. anode craters appeared
copper colored while the remainder of the area appeared smudged with what
we believe to be carbon from the breakdown of the oil. It appears that
during this test, the anode pit which occurs early in the discharge is
later covered by the arc which produces the carbon scorch mark.
At .003 in. and .004 in. electrode spacing, the depth measurements
of the craters showed that very little material was removed from either
electrode. There was a definite difference in the appearance of the
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CROSS S EC -1ON
43 - Copper Cathode Crater Appearance
cathode crater appeared similar to those formed on the b-13 samples.
anode craters had a smooth surface and a well defined rim. However,
whole anode crater appeared raised.
TOP VIEw C ROSS Sec-rioN
Fig. 44 - Copper Anode Crater Appearance
7.6 Experiments Using Electrodes of the Same Material
There seemed to be a trend forming when both electrodes were com-
posed of the same material. Under these conditions, the anode received
the most surface damage. It was also noticed that similar electrode
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the
Fig.
cathode and anode craters as can be seen in Figs. 43, 44.
materials machine very poorly in the commercial EDM machine. Therefore,
we decided to investigate discharges between similar electrode materials.
The results obtained using copper electrodes has been reported earlier
in section 7.4 and 7.5.
Conditions of Test
Anode and cathode: ultra carbon graphite
Electrode spacings: .003 in.
Discharge times: 230 microseconds
Discharge current: -50 amps peak
Measumed discharge voltage: 18.2 V
Dielectric: Eloxol no. 13
Results - The breakdown strength of the gap was considerably lower
with graphite electrodes than was experienced with copper electrodes.
Each electrode had been carefully polished and chemically etched in a
solution of potassium dichromate dissolved in phosphoric acid. Then they
were rinsed with water followed by methyl alcohol.
A visual check of the craters with the naked eye showed only the
slightest damage to both electrodes. However, no apparent surface
damage could be seen under 40X. There just happened to be one dis-
charge which remained on for approximately 10 seconds. To get some
idea of what craters might look like using graphite electrodes, the above
samples were examined. It appeared that the cathode was severely pitted
while a build-up of a black substance was seen on the anode. There had
been more material removed from the cathode than had been deposited
on the andde.
Conclusions - Graphite appears to have superior erosion resistance
when used as either anode or cathode, but somewhat better as an anode.
A Theory of What Makes a Good Graphite Electrede - Most graphite is
porous and can absorb dielectric fluid. It had been mentioned to us by
several people that a good hard grade of graphite makes the best EDM
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electrode. This brings to mind a problem which is known to exist in
chimney bricks. If a chimney is not covered properly during a rainstorm
water will run down the inside wall. Since most fireplace bricks are
porous, the water is absorbed to some extent. Now, if a fire is built
in the fireplace, some bricks close to the firebox will explode due to
steam pressure build-up within the water soaked bricks. It is possible
the same sort of problem can exist in a porous carbon electrode. Once
a discharge occurs, it vaporizes some of the oil just below the surface
which may cause a small piece of graphite to flake off. This flaking
phenomenon can cause a short circuit between tool and workpiece which may
eventually ruin it.
De Nigris has shown in his thesis29 that a porous graphite is a bad
choice as an electrode for similar reasons. he states that if the pores
are interconnected, the possibility of pressure build-up is lessened.
Conditions of Test
Anode and cathode: Alcoa T451 aluminum
Electrode spacing .005 in.
Discharge time: 230 microseconds
Discharge current: -/50 amps peak
Measured discharge voltage: 16.6 V
Dielectric: Eloxol no. 13 as an oil bath
Results - Typical crater sizes: anode - .0105 in.; cathode - .0135 in.
The cathode crater area was larger than the corresponding anode area.
Both appeared fairly round. The anode crater appeared perfectly round
and deep with a well defined rim. Surrounding the anode crater was the
familiar scorched area. The cathode crater was also round but not as
deep as the corresponding anode crater. Surrounding the cathode crater
was a concentric ring of slightly effected clean surface which was lightly
pitted. Consult Fig. 45a,b for photomicrographs of these craters.
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a) Al cathode 100X
.005 in., 2 50As., 52A., 16.lV., oil
b) Al anode 100X
.005 in., 2 5 0As., 52A., 16.lV., oil
Fig. 45
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Stainless Steel Anode and Cathode
Conditions of Tests
Anode and cathode: Stainless steel scrap 1/4 in. diameter
Electrode spacing: .005 in.
Discharge time: 230 microseconds
Discharge current: 50 amps peak
Dielectric: Eloxol no. 13
Results - Typical crater sizes: anode - ,0225 in.; cathode -.0225 in.
The stainless steel craters were not quiet as round as those in
aluminum. Also they did not appear as deep. Again the anode crater was
deeper than the corresponding cathode crater. Only a slight scorch
mark surrounded the anode crater. The cathode crater was surrounded by
a slightly affected area as with the aluminum cathode. The stainless
steel rims were large and nicely'rounded. Consult Fig. 45c,d for photo-
micrographs of these craters.
7.7 Effect of Dielectric
The purpose of this series of experiments was to compare the results
of discharges in oil, air, and argon. If the results of this series are
similar, then a large body of data and theory of discharges in gases could
be applied to EDM.
Comparison Between Oil andi Air Dielectrics
Conditions of Test
H-13 cathode
ETP copper anode
Electrode spacing: .002 in.
Discharge time: 200 microseconds
Discharge current: "'50 amps peak
Measureddischarge voltages: 11.8 (oil), 14.5 (air)
Dielectrics: Eloxol no. 13 oil bath, air
Results - No significant change in maximum crater diameters was
noticed. The discharge voltages were practically the same. The craters
formed in the oil dielectric were deeper and more defined than those formed
12
in air. This result confirms data obtained by Mendel'shtam and Raiskii.
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c) SS cathode 100X
.005 in., 2 50As., 52A., 16V., oil
d) SS anode 100X
.005 in., 2 50As., 52A., 16V., oil
Fig. 45
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16X
It appears that the craters are formed early in the discharge and that the
density of the dielectric is important in restraining the discharge
column in those important early moments.
The familiar scorch mark surrounding the anode crater was present on
samples used in oil and air. During the early stages of this experimental
program, this scorch mark was thought to be caused by the high arc tempera-
tures which decomposed the dielectric oil, leaving a carbon deposit on the
electrode surface. However, since the same blackening was found to
occur in air, we began to think this mark was caused by oxidation. There-
fore, it was reasoned that craters formed in an inert atmosphere would
yield interesting results.
Comparison_ Between Oil and Argon Dielectrics
Conditions of Test
Anode and cathode: ETP copper
Electrode spacing: .001 in.
Discharge time: 43 milliseconds
Discharge current: " 50 amps
Measured discharge voltage: 11.1 V (oil), 11.3 (argon)
Dielectrics: Eloxol no. 13 oil bath, argon
The standard experimental EDM apparatus was used except that a
plexiglas bottomless container was placed over it to retain the argon.
Results - Sketches of representative craters formed in an argon
atmosphere appear below.
VERY LIGHTLY
VIEAT rFuC.-r=1C
_ 'SLIHrr..-Y DA A GED
CL.-EAN CoPPER
Fig. 46 - Copper Cathode Crater
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Fig. 46 - Anode
Sketches of representative craters formed in oil under identical
conditions can be found below.
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a) copper cathode 100X
.001 in., .43ms., 60A.%, ll.lV., oil
b) copper anode 10OX
.001 in., .43 ms., 60A., 1l.1V., oil
Fig. 48
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16X
16X
c) copper cathode 65X
.001 in., .43 ms., 48A., 11.3V., argon
d) copper anode 65X
.001 in., .43 me., 48A., 11.3V., argon
Fig. 48
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The familiar scorch mark appeared on both anodes (Fig. 48). The
only explanation is that enough oil vapor was present in the argon
atmosphere to cause this blackening, since only the electrodes were
completely free of oil.
Conclusions - The discharges in air and argon did not have the same
sharp "crack" as those formed in oil. Also the surface damage caused
to cathode and anode were significantly different. The dielectric has
a strong effect on the anode and cathode craters.
7.8 Graphite and Copper Electrodes Both Polarities
Ift previous experiments using graphite on graphite, it was observed
that graphite appeared to be a very good material for use as a tool
electrode. Experiments using copper on copper resulted in mostly anode
wear. It seems reasonable from these results thatusing a copper anode
in conjunction with a graphite cathode, most of the wear should occur
at the anode.
Conditions of Test
Electrodes: Ultracarbon graphite
ETP copper
Electrode spacing: .005 in.
Discharge time: 200 microseconds
Discharge current: 50 amps pea 
- +
Measured Discharge voltage: 19.6 V (Gr Cu ), 17-17.4 V (Cu Cr )
Results - We have noticed in this experiment and in others that when a
CAT '*OE
Vgraphite is used as an electrode, the breakdown strengthis considerably
lower than with say copper on steel. Initially, discharges were attempted
at .003 in. electrode spacings. This proved to be too small to withstand
the 150 VDC voltage applied. The spacing was increased to .005 in. and
would hold off the 150 VDC most of the time.
A strange phenomenon was noticed to occur between electrodes before
full breakdown. If the separation was over 0.005 in. and 150 VDC was
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a) copper anode 65X
.005 in., 2 0 0As., 46A., 17.OV., oil
b) graphite cathode
.005 in., 2 00,As., 46A., 17.OV., oil
16X
Fig. 49
-106-
16X
c) copper cathode 100X
.005 in., 20 0As., 46A., 17.OV., oil
d) graphite anode
.005 in., 20OAs., 46A., 17.OV., oil
Fig. 49
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16X
16X
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applied, small low current sparks could be seen to jump between electrodes
making much the same. sound as static electrical discharges. After a number
of these had occurred, the gap would breakdown fully.
The deepest craters were produced in the copper anode as expected.
A table of crater diameters and photomicrographs of the electrodes follow.
TABLE XI
Average Copper
Anode Diameter
.0098 (.0263)*
.009 (.0248)*
.0082 (.0248)
Average Graphite
Anode Diameter
.0000 light damage
.0203 light damage
Average Graphite
Cathode Diameter
.010
.012
.Ull
Average Copper
Cathode Diameter
*
.0165 (.0225)*
.0158 (.0235)
Note: When graphite was used as an anode practically no erosion was
noticed. One anode crater could not be found when the electrode
was later examined under 16X and with the naked eye.
Scorch mark diameter
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CHAPTER 8 - ENERGY CALCULATIONS
An energy calculation was made concerning the test of a copper
anode and a H-13 cathode under "no-wear" conditions.
Conditions of Test
ETP copper anode
H-13 tool steel cathode
Dielectric% Eloxol no. 13
Electrode spacing: .007 in.
Discharge time: .229 ms
Discharge current: 46 amps
Measured discharge voltage: 15.4 V
As a simplified model, it was assumed that the energy required to
remove a given amount of material from an electrode was the thermal
energy required to heat the crater volume removed from room temperature
to the melting point plus the heat of fusion. The efficiency of metal
removal is arbitrarily assumed to be the ratio of energy required to
remove the metal to the total electrical energy input to the electrodes.
The most illusive value in this calculation is the crater volume.
Two sample calculations are included to show the effect of this variable.
Under "no-wear" conditions, only the cathode is eroded. The shape
of the cathode crater was assumed to be a portion of a sphere. The first
calculation is based on a crater diameter which includes the rim, the
second calculation excluded the crater rim.
Samnple Calculation - Diameter = C = .026 in., Depth = h = .0008 in.
2 2
V = 3.1416 h ( £ + h)
sp.seg. 8 6
V = 3.1416 x .8 x 10 in.[(.026)2 + 6(8 x 14
-4 -8
V =2.515x10- 3  6.78 x 10 64 x 10-8 6
V = 2.515 x 10-3 [8.486 x 10 5
-7 3V = 2.23 x10 in.
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Iron
Density: 0.284 lb/in.
M.P.: 28020 F
Specif ic heat: 0.108 BTU/lb. 0 F
Latent heat of fusion: 117 BTU/lb.
Heat of fusion:
-7 3 3 -6H = 2.23 x 10 in. x 0.284 lb/in. x 117 BTU/1b. = 7.4 x 10 BTUf
Heat to warm from room temperature to M.P.:
H = 2.23 x l0 in. x 0.284 lb/in.3 x 0.1081T F[(2802-70)=2732 0 F]
-5
H = 1.864 x 10 BTU
w
Total = H + L= 7.4 x 10-6 + 1.864 x 10-5 = 2.6 x 10-5 BTU
z w
Electrical energrinput
-3 -1
E = 15.6 V x 46 amps x .229 x 10 sec. = 1.645 x 10 watt-sec.
-1 -3 BTU -4
E = 1.645 x 10 watt-sec. x .947 x 10 = BTU 1.56 x 10 BTUin watt-sec
E -5
t 2.6 x 10 BTU
E. -416in 1.56 x 10 BTU ~~-
A similar calculation based on a crater diameter of .015 in. and the
same depth of .0008 in. gives an energy ratio of:
E -4
in 1.56 x 10 BTU
The entire calculation is included so that there will be no question
as to how the above values were found.
Calculations performed by Mr. T. Viswanathan on data obtained from
the commercial machine show that only a few percent of the total electric
energy is used directly to remove metal.
It is our feeling that the 'wandering" discharge channel is responsible
for the inefficient use of arc energy. This tendency to move was seen
in the "no-wear" experiment of section 7.2 using a copper anode, b-13 steel
-112-
cathode: (Fig. 32).
Table J is a resume of the discharge voltages measured during
each experiment. It is included now so that an interested reader can
see the effect of dielectric, electrode materials, and electrode spacing
on this voltage.
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GAP VOLTAGE AS A FUNCTION OF MANY VARIABLES
ANODE
Cu
Cu
Cu
Cu
Cu
SPACING (IN.)
.002
CATHODE
H-13
H-13
11-13
h-13
H-13
Cu
Cu
Cu
1-13
11-13
Cu
Cu
TIME
.050 ms
3.2
3.2
3.2
DIELECTRIC
oil
oil
oil
oil
oil
oil
oil
oil
air
oil
argon
oil
oil
.003
.005
.007
.007
.002
.003
.004
.002
.002
.001
.001
.003
.23
.45
.45
CURRENT (AMPS)
~50
.A 50
A 50
A'50
/v 50
/v 50
A/ 50
, 50
,v50
yv 50
.200 ms
ARC VOLTAGE
11.1
12.1
12.1
15.4
15.4
11.6
11.7
14.3
14.5
11.8
11.3
11.1
18.2
TABLE C
.23 ms
.23 ms
.23
.23
.23
Cu
Cu
Cu
Cu
Cu
GAP VOLTAGE AS A FUNCTION OF MANY VARIABLES
DIELECTRIC
oil
oil
oil
oil
oil
SPACING (IN.)
.005
.005
.005
.005
.005
TI1ME
.200 ms
.200 ms
.25 ms
.25 ms
.013 ms-3.2 ms
CURRENT (AMPS)
/v' 50
1v 50
" 50
AJ 50
1/50
ARC VOLTAGE
19.2-19.6i
17.0-17.4
16.1
16.0
12.6
ANODE CATHODE
(CONT)
TABLE ]="
CHAPTER 9 - A THEORY OF METAL REMOVAL
A number of theories have been postulated to explain the mechanism
15 13
of metal removal . Very high speed pictures taken by Zolotykh and
Zingerman15 of the initiation of an arc show that the discharge channel
is first filled with vapor and then molten particles.
One of our theories is based on the superheating of metal in the
first moments of the discharge. In the first few microseconds after
dielectric breakdown the oil which has occupied the electrode gap is
rapidly displaced by an expanding metal vapor column. Calculations made
13by Zolotykh of the pressure which can be expected due to this effect
were done using Navier-Stokes equations, The pressure inside a sphere
expanding at a rate is:
P co= P0  da 2
From the observed expansion rate of the column a plot of pressure with
time would be as follows:
to
'T,
so Z& o A e'
Fig. 50
Zolotykh feels that the maximum pressure can reach 100 atm. at the beginning
of the discharge.
Initially the discharge is in the spark mode which means high energy
-116-
input per unit area. These two factors, high pressure and high current
density combine to superheat a molten puddle of metal. During this time,
hydrogen released by the breakdown of the hydrocarbon oil may dissolve
in the molten metal pool. As time goes on, the discharge channel expands
and the pressure decreases. The decreased pressure causes some of the
superheated metal to form vapor bubbles within the molten puddle and
expel most of the molten metal.
The mechanism of metal removal caused by dissolved gases would be like
rapidly unstopping a warm bottle of soda. The mechanism of metal removal
caused by vaporization due to superheating is exemplified by a simple
laboratory experiment which we performed. An upright test tube was half
filled with water and stopped tightly with a cork. A bunsen burner was
placed under the test tube using a low flame. The water was slowly
heated until the pressure was sufficient to pop the cork. Approximately
two thirds of the liquid water was expelled. The popping of the cork
is analogous to a rapid decrease in pressure in the arc and was seen
to have the same results.
-117-
ChAPTER 10 - GENERAL CONCLUSIONS
A single pulse discharge device capable of supplying a square wave
pulse with an initial voltage of 150 VDC and augmented by a 1500 VDC
tickler circuit has been built and studied under various conditions. A
parametric study of the different variables assumed to effect the EDM
process such as gap spacing, electrode materials, discharge time,
dielectrics, etc., was undertaken which reveals that:
a) Electrode gap spacing is the most important factor in the phenomenon
of "no-wear" for the specific case of 1H-13 steel cathode and a copper
anode. As electrode separation is increased, anode damage decreases
steadily until a large enough separation is reached where anode wear is
reduced to almost nothing; on the other hand, the cathode damage is
nearly independent of gap spacing. At intermediate spacings, steel is
found to adhere to the anode surface. Steel vapor and molten metal jets
appear to cause anode wear using reverse polarity conditions.
b) There is a definite tendency for the arc to wander when the
cathode is composed of a low melting point metal. This results in
several craters interconnected by narrow passages at long on times (3 ms).
As the discharge duration increases, the diameter of the crater increases,
while the depth remains approximately constant.
c) It appears that when the two electrode materials are the same,
the greater erosion occurs at the anode. This was observed for copper,
stainless steel, and aluminum. In general, the cathode craters consisted
of a collection of shallow pits whereas the anode craters were smoother
and deeper with a well defined rim (See Fig.43,44). (An especially odd
effect was noed with electrodes of copper where the relative amount of
erosion appears to be an erratic function of discharge time; this is in
agreement with what has been observed on a commercial EDM machine.)
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d) It is felt that when using a refractory cathode, most of the
erosion tends to occur during the spark, and relatively little during
the arc, because of the fact that refractory cathodes produce low current
density thermionic arcs. With a nonrefractory cathode, on the other hand,
the erosion caused by the spark is less significant and further erosion
is observed in the arc mode; this may be explained by the fact that such
cathodes produce high current density arcs. Electrode plating is also
observed. However, Joule for Joule, more total anode erosion seems to
occur with a refractory cathode. Therefore, it might be advantageous to
use short high energy pulses (just long enough to melt the workpiece
metal) with a refractory cathode tool.
e) As a result of a simplified calculation based on the assumption
that the observed erosion is due to 100 percent removal of molten metal,
it appears that only a few percent of total arc energy is used to directly
remove material. A more precise analysis cannot be attempted until an
accurate method is devised to estimate crater volumes.
f) The mechanism of metal erosion appears to be the combination of
many effects. A superheating-pressure-dissolved gas mechanism seems to
apply to the spark mode of the discharge. It seems possible that molten
metal and vapor jets cause surface damage to both electrodes, and that
some vaporization of electrode material occurs during the arc mode.
g) Three dielectrics were studied: oil, air, argon. There was a
significant change noticed between craters formed in gaseous and liquid
dielectrics. Increased erosion was observed in the liquid dielectric as
expected. The familiar scorch mark was observed to form even in gaseous
dielectrics. Further study is necessary to determine exactly what this
black material is and where it originates.
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Single pulse experiments do not always correspond one to one with
commercial machine results for the following reasons. Once machining
has been underway for a time, the electrode surfaces may be completely
changed due to metal transferred from the opposite electrode and carbon
deposited from the breakdown of the oil. Also, the state of the dielectric
is expected to be considerably different (i.e., less pure) in a commercial
machine than in the single-pulse device.
Our results indicate that graphite should be a good EDM tool material
for both standard and reverse polarities because of its resistance to
erosion. When a graphite tool is used as the cathode (standard polarity),
it appears that anode erosion occurs primarily during the spark at the
beginning of the discharge; hence, high frequencies should result in a
higher machining rate. When a graphite tolAs used as the anode (reverse
polarity) and the cathode is a low melting material, our data show that
anode erosion decreases as the gap spacing increases while cathode
erosion is nearly independent of spacing; hence, any means of increasing
the gap would be beneficial (e.g., low frequency, dirty or low-breakdown
potential dielectric, high open-circuit machine voltage, etc.). If the
workpiece is a refractory material, then it seems reverse polarity would
not be suitable because refractory cathodes produce low-current density
thermionic arcs that have poor erosion rates (as far as the cathode is
concerned). Although this statement has not been tested as a part of the
present thesis, it appears to follow from the general picture of the
process that we have proposed.
Our results indicate that copper should also be a good EDM tool
material, but its resistance to erosion was less than that of graphite
for the conditions of the present tests.
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CHAPTER 11 - RECOMMENDATIONS FOR FURTHER STUDY
One of the shortcomings of our attempt to study the relative amount
of arc electrical energy used in metal removal was the estimation
of crater volume. If a method were to be devised whereby an accurate
profile and contour map of a crater could be produced, then it would be
an easy matter to calculate crater volumes.
A further study of the properties of electrical discharges in
the 1-13 microsecond range would enhance the knowledge of the spark
regime which is of interest to the EDM problem. Presently, electrical
discharges are produced in the nanosecond range by discharging co-axial
37 38
cables or more complicated thyratron circuits such as used by Felsenthal
However this leads to a decaying current pulse.
Recent work done by T. Viswanathan, a member of our research group,
shows that either an oxide or a carbide layer or both may form on an
aluminum anode when machining a steel cathode. The oxide of aluminum
would exhibit high resistance to thermal erosion because of its refractory
nature. Further study along these lines may prove fruitful.
It was suggested to our group recently that hydrogen which may be
dissolved in the electrode material can play an important part in electrode
erosion. Tests with metals saturated with hydrogen may shed some light
on this theory.
If the mechanism postulated in section 9 is partly correct, then
increased electrode erosion may be observed by using a dielectric of high
density. Further, if the dielectric could be doped so that its dielectric
strength is lowered, increased erosion at "no-wear" conditions may result.
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